ABSTRACT: Reservoirs are a globally significant source of methane (CH 4 ), although most measurements have been made in tropical and boreal systems draining undeveloped watersheds. To assess the magnitude of CH 4 emissions from reservoirs in midlatitude agricultural regions, we measured CH 4 and carbon dioxide (CO 2 ) emission rates from William H. Harsha Lake (Ohio, U.S.A.), an agricultural impacted reservoir, over a 13 month period. The reservoir was a strong source of CH 4 throughout the year, emitting on average 176 ± 36 mg C m
■ INTRODUCTION
Methane (CH 4 ) is a potent greenhouse gas (GHG) with a heat trapping capacity 34 times greater than that of carbon dioxide (CO 2 ) on a 100 year time scale. 1 Human activities have more than doubled atmospheric CH 4 concentrations since the preindustrial era and current levels are unprecedented in at least the last 650 000 years. Known anthropogenic sources of CH 4 include livestock production, rice agriculture, landfills, and natural gas mining, 2 but current inventories may underestimate CH 4 emissions in the United States, 3 suggesting that additional sources may exist.
An important source of CH 4 is microbial activity in the sediments of aquatic ecosystems. Methane can be transported from sediments via gas bubble ebullition, molecular diffusion, or advection through plant stems. 4 Ebullition and plant stems can be important transport mechanisms in shallow waters and wetlands, but diffusion is typically the dominant evasion pathway in deeper waters. Methane can also be oxidized to CO 2 via methanotrophic bacteria in areas where dissolved CH 4 and oxygen co-occur. 4 The evasion of CH 4 to the atmosphere from the surfaces of reservoirs constructed for hydropower and other purposes may account for up to 20% of the global anthropogenic budget, 5 but these estimates are largely based on measurements made in undeveloped watersheds in tropical and boreal regions. Relatively little is known about emission rates from midlatitude systems, although ∼30% of all reservoirs are located in this region. 6 Global estimates assume that reservoir CH 4 emissions decrease exponentially from the tropics to boreal regions, a pattern that is largely attributed to differences in temperature. 6 A few studies of midlatitude systems support this pattern; 7 however, local scale characteristics, such as watershed land use or reservoir morphology, may cause CH 4 emissions to deviate from this pattern.
Microbial respiration in oxic sediments mainly produces CO 2 , but under anoxic conditions, respiration can also produce CH 4 . Impounding river networks promotes sediment anoxia, and this may be particularly true for midlatitude agricultural impacted reservoirs that are subject to high nutrient and sediment loading rates. Watershed soil erosion can stimulate CH 4 production by providing microbial communities with a large source of carbon (C) that can deplete sediment oxygen and fuel CH 4 production. Algal blooms from excessive nutrient loading can further enrich reservoir sediments with labile C. 9 These factors may result in CH 4 emission rates that are much higher than predicted from the generalized relationship between latitude and CH 4 emissions. 6 However, low rates of methanogenesis during winter may balance high CH 4 emission rates during the summer months, complicating efforts to predict the magnitude of CH 4 emissions from midlatitude reservoirs.
To assess the possible importance of agricultural impacted reservoirs in the U.S. anthropogenic CH 4 budget, we constructed an annual CH 4 budget for William H. Harsha Lake, a eutrophic, seasonally stratified reservoir in southwestern Ohio (U.S.A.). Methane and CO 2 emissions were measured approximately monthly in six locations throughout the lake using floating chambers, with increased sampling frequency in fall to assess the importance of CH 4 release during the ventilation of hypolimnetic waters. We combined the measurements with a conservative estimate of the areal extent of agricultural impacted reservoirs in the United States to produce a national scale estimate of CH 4 emissions from agricultural reservoirs.
■ MATERIALS AND METHODS
Study Site. William H Harsha Lake (hereafter referred to as Harsha Lake) is a 8.74 km 2 flood control reservoir built in 1978 on the East Fork Little Miami River in southwestern Ohio (U.S.A.) ( Figure 1 ). The dam control structure allows for water withdrawal depths ranging from near the sediment−water interface to 3 m below the water surface. The reservoir is located within a state park, where it supports a recreational fishery, swimming beaches, and drinking water withdrawals. This warm monomictic reservoir ranges from ca. 4 m deep at the most upstream portions to 30 m near the dam and has a storage volume of 111 × 10 6 and 101.3 × 10 6 m 3 at the summer and winter pool elevations, respectively. Mean outflows from the reservoir are 78 × 10 3 and 369 × 10 3 m 3 day −1 at summer and winter pool elevations, respectively, corresponding to mean water residence times of 1424 and 274 days. The reservoir receives substantial nutrient and sediment loading from the watershed (64% row crop agriculture) and is frequently on the state's advisory list for recreational contact due to excessive blue-green algae (http://epa.ohio.gov/habalgae.aspx).
Six sites (upstream (UP), east narrows (EN), west narrows (WN), midpoint (MP), drinking water intake (DW), and outfall (OF)) were established to characterize spatial patterns in CH 4 and CO 2 dynamics. Sampling began in October 2011 and Figure 1 . William H. Harsha Lake (Harsha Lake), tributaries, outlet, routine sampling sites, and one-time spatial survey sites. The different pool elevations reflect the change in surface area between the summer and winter pool elevations (224 m and 222 m, respectively). The area upstream of the line labeled 'downstream limit of UP site influence', was used to calculate the portion of the reservoir defined as having a methane (CH 4 ) emission rate equal to that measured at UP. Results of the CH 4 emission rates (± SE, mg C m −2 d −1 ) measured during the one-time spatial survey, completed on 8 January 2013 in the eastern portion of the reservoir, are reported adjacent to each sampling point as a mean ± SE. continued on a monthly basis until June 2012, when the frequency was increased to every 3 weeks. Sampling frequency was further increased to weekly from October 2012 to November 2012 to better characterize emissions during fall turnover, defined as the period between when thermal stratification begins to degrade and isothermal conditions are achieved.
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On 08 January 2013, we measured CH 4 emission rates from two of the routine sampling sites (UP and EN) and an additional 8 sites in the upstream reaches of the reservoir (Figure 1 ). The objective of this sampling was to determine if bays with tributaries had higher CH 4 emission rates than open water sites.
Water Sample Collection. Water samples were collected for dissolved CH 4 analysis from 0.1 m below the surface and 1 m above the sediment at all sites. During summer stratification (9 May 2012 to 24 Oct 2012) additional samples were collected at 5 m increments throughout the water column at the OF site. At least 10% of the samples were collected in duplicate. Water samples were collected in 125 mL serum bottles and preserved with 1000 μL of saturated mercuric chloride solution. Bottles were capped with gray butyl rubber septa and stored at 5°C until sample analysis. During the summer of 2013 (24 July, 27 August) seven water samples were collected from throughout the water column at the OF site and analyzed for CH 4 concentration and δ 13 CCH 4 . We extracted dissolved gases from the water samples using headspace equilibration. 10 The headspace equilibration was conducted at room temperature by injecting 20 mL of ultra high purity dinitrogen (N 2 ) into the sample serum vial, while allowing an equivalent volume of water to be displaced from the bottle through a vent needle. The water bottles were then shaken for at least 1 h before the headspace was analyzed. The original dissolved gas concentration was calculated using the measured headspace gas concentration and temperature specific Bunsen solubility coefficients. 11, 12 Equilibrium dissolved CH 4 concentrations were calculated for each sampling date using water temperature, barometric pressure, and their average global atmospheric concentration. 13 Dissolved gas saturation ratio was calculated as the ratio of measured to equilibrium dissolved gas concentrations.
We measured water temperature and dissolved oxygen using a data sonde (YSI 600 OMS, Yellow Springs, Ohio, U.S.A.) at each depth where a water sample was collected. Atmospheric pressure was measured using an electronic barometer on each sampling date (YSI 650 MDS, Yellow Springs, OH, U.S.A.). We measured CH 4 and CO 2 using a Shimadzu GC-2014 (Kyoto, Japan) or Bruker 450 (Billerica, MA, U.S.A.) gas chromatograph equipped with a methanizer and flame ionization detector (FID) (additional details in the extended methods section in the SI). Methane δ 13 CCH 4 was measured at the University of California Davis Stable Isotope Facility. 14 CH 4 and CO 2 Emissions. Methane and CO 2 emission rates were measured using the floating chamber technique, as previously described. 15 At each of the six sites, three 20 L acrylic chambers were supported by air filled flotation collars, tethered to the boat, and allowed to drift with the boat. Gas samples (30 mL) were withdrawn from the chamber headspace every 3 min for 12 min and stored in pre-evacuated glass vials. Emission rates were computed from the linear regression of headspace CH 4 or CO 2 partial pressure against time, after accounting for the headspace volume and surface area of the reservoir enclosed by the chamber. Emission rates were only calculated for chambers where the linear regression was significant at the p < 0.15 level (see Supporting Information, SI, Methods).
The piston velocity (k; cm hr −1 ) describes the physical forcing component of air−water gas exchange and can indicate whether rising bubbles or diffusive emissions were captured by the floating chambers. We calculated k from the CH 4 and CO 2 data for each chamber deployment according to the following:
where C w (mg C m
) and C eq (mg C m −3
) are the measured and equilibrium dissolved gas concentrations near the water surface (10 cm). 15 If the emissions were purely diffusive, then piston velocities calculated from CH 4 and CO 2 should be identical when normalized to a Schmidt number of 600 (k 600 ). Values of k 600 -CH 4 that far exceed those of k 600 -CO 2 can occur when the chambers capture CH 4 rich bubbles and were used as an indicator of ebullition (see SI Extended Methods).
We calculated average reservoir-wide CH 4 emission rates for each sampling date as follows:
where E i and P i are the measured emission rate and proportion of the reservoir surface area associated with site i, respectively. The reservoir surface area associated with the UP site was defined as extending from the upstream extent of the impounded waters along the East Fork Little Miami River, the main tributary, downstream to the area where the reservoir widens and the depth reaches 8 m (Figure 1 ). This boundary was selected based on the spatial survey conducted in the fall of 2012. The other five routine sampling sites were weighted equally, because there was no significant difference in emission rates between these sites.
Reservoir-wide CH 4 emissions were estimated for each day of the study by assuming the emission rate on days between sampling events was equal to the emission rate measured on the closest sampling date, and multiplying the reservoir-wide rate by the reservoir surface area. Daily reservoir surface area was calculated from the reported elevation of the water surface and 0.3 m resolution elevation data (0.58 m 2 grid size) using a geographic information system (ESRI, Redlands, California, U.S.A.). An annual reservoir-wide CH 4 emission rate was calculated by summing the daily emissions across the year and normalizing them to the mean annual reservoir surface area.
The standard deviation of the reservoir-wide annual CH 4 emission rate was calculated as the average coefficient of variation (CV) of the replicate emission rate measurements made at each site and date, multiplied by the estimated reservoir-wide annual emission rate (i.e., standard deviation = CV*mean). Standard error was calculated by dividing the standard deviation by the square root of the number of sampling dates.
We estimated the total surface area of agricultural impacted reservoirs in the U.S.A. using data from the National Inventory of Dams 16 and agricultural statistics from the National Agricultural Statistics Service. 17 All reservoirs located in counties with greater than 40 km 2 of corn and soybean were defined as agricultural. This approach does not account for reservoirs affected by other types of agricultural activities, including pastures and confined animal feed lots that could deliver nutrients and sediments to reservoirs.
CH 4 Degassing. We estimated CH 4 degassing as water passed through the dam as the product of daily depth-specific withdrawal rates (provided by the U.S. Army Corps of Engineers) and the dissolved CH 4 concentration at the depth from which water was being withdrawn. We used measured CH 4 concentrations at the "OF" site which was located ca. 150 m from the withdrawal structure. Linear interpolation was used to extrapolate CH 4 concentration between sampling depths. For dates when dissolved CH 4 was not measured, the CH 4 concentration from the nearest sampling date was used. We assumed that all dissolved CH 4 was emitted (degassed) during transit through the outlet structure or further downstream.
Hypolimnion CH 4 Accumulation, Oxidation, Diffusion, And Production. We estimated the hypolimnion CH 4 production rate (MP hypo ) at the OF site during the period of stratification as the sum of hypolimnion CH 4 accumulation (MA hypo ), hypolimnion CH 4 oxidation (MOX hypo ), and CH 4 diffusion from the hypolimnion into the epilimnion (MD hypo ). Detailed descriptions of the calculations can be found in the SI Extended Methods. The hypolimnion CH 4 accumulation rate was calculated from the depth profiles of CH 4 concentration during stratification as previously described. 18 The fraction of CH 4 entering the hypolimnion that was oxidized ( f ox ) was estimated from the δ 13 CCH 4 depth profiles at the OF site using an open-system steady-state model. 19, 20 The rate of CH 4 oxidation in the hypolimnion was calculated as follows:
Methane diffusion across the thermocline from the hypolimnion (MD hypo ) was calculated from the vertical diffusion coefficient (K, m 2 d −1 ) and the CH 4 concentration gradient between the top of the hypolimnion and the epilimnion. 21 Statistics. We used generalized least-squares (gls) to test for differences in emission rates among sampling sites and to test for a relationship between CH 4 emission rates and water temperature. Heterogeneity in model residuals was reduced by adding variance covariates. 22 We tested for temporal autocorrelation by comparing the Akaike's information criterion (AIC) 23 of models with and without a first-order autoregressive (AR1) temporal correlation structure. 22 The model with the lowest AIC was retained. When emission rates were found to differ by site, pairwise comparisons were made using the Tukey's test. All statistical analysis were conducted using R. 24 The gls models were built with the nlme package 25 and Tukey's tests were conducted using the multcomp package. 26 
■ RESULTS
Hydrology, Water Temperature, and Dissolved Oxygen. Reservoir water levels were close to the management targets of 222.3 and 223.5 m during the winter and summer, respectively (SI Figure S1 ). Water levels were dropped to 221 m in April 2012 before the reservoir was filled to the summer management target. Water levels transitioned between the seasonal management targets during fall and were temporarily elevated following precipitation events during the winter and spring. The water column was isothermal from 6 Dec 2011 to 9 May 2012, and some degree of thermal stratification was observed during the balance of the study (SI Figure S2A) . The water column was oxygenated until the onset of thermal stratification, when the dissolved oxygen (DO) saturation fell to 0.2−3.8% in the hypolimnion, but remained above 100% in the epilimnion (SI Figure S2B) . During fall turnover, DO was approximately 30% saturated throughout the water column.
Piston Velocities. The median gas piston velocities (k 600 in cm h −1 ) were 4.2 and 27.2 for CO 2 and CH 4 , respectively (Figure 2 ). In the 97 instances where k 600-CH 4 and k 600-CO 2 were measured in the same chamber (see the SI Methods for data acceptance criteria), k 600-CH 4 was a median factor of 21 times greater than k 600-CO 2 , suggesting that the chambers intercepted CH 4 rich bubbles rising to the water surface. The difference between the CH 4 and CO 2 k 600 values was most extreme at the shallowest sites (EN and UP) (p < 0.005).
Methane and Carbon Dioxide. Methane was supersaturated with respect to atmospheric equilibrium throughout the study (SI Table S1 ). Methane concentration ranged from 0.16 to 250 μg CH 4 L −1 in the epilimnion (saturation ratio of 3 to 6800), highest in summer and lowest in the winter (Figure 3) . Hypolimnion CH 4 concentration increased exponentially from the thermocline to the sediment−water interface during stratification at the deepest site (OF), reaching a maximum value of 18 500 μg CH 4 L −1 (saturation ratio = 374 700) on 24 Oct 2012 (Figure 4) . Differences in CH 4 concentration between shallow and deep waters declined with overall site depth and no consistent difference was observed at the shallowest site (UP). See the SI Extended Methods for QA/QC data.
On 24 July and 27 August 2013, δ 13 CH 4 near the sediment water interface at the OF site ranged from −63.4 to −61.8‰ and increased to −57.5‰ at the top of the hypolimnion (SI Figure S3) Figure S4) . The mean daily CH 4 emission rate (±SE) at the most upstream site (UP) was 2353 ± 495 mg C m −2 d −1 , was one to 2 orders of magnitude greater than the other sites (p < 0.001; Figure 5A , SI Table S2 ). The CH 4 emission rates observed near the tributaries during the one-time spatial survey on 8 Jan 2013 were on average six times higher than EN, the open water site, but were an order of magnitude lower than at UP (rates reported alongside sampling sites in Figure 1 ). Methane emission rates increased by 3.5 mg C m −2 d −1 per degree increase in water temperature (p < 0.001, SI Figure S5 ). A linear model containing site and water temperature explained 47% of the variation in CH 4 emission rates.
The mean annual CO 2 emission rate was lowest at UP (1.
) and the rates among the other sites did not differ, p < 0.001 Figure 5A , SI Table S2 ). Total carbon emissions (CO 2 + CH 4 ), an index for total carbon mineralization, were greater at UP (mean ± SE: 3.7 ± 0.6 g C m
) than all other sites except EN (p < 0.001; mean ± SE of all sites excluding UP: 2.2 ± 0.3 g C m
) ( Figure 5A ). The proportion of mineralized C emitted as CH 4 was also greater at UP (0.60 ± 0.07) than all other sites (p < 0.001, mean ± SE of all sites excluding UP: 0.11 ± 0.05). Figure S3 ). b Methane diffusion is reported as the mean of the diffusion rates calculated for the first and last day of the measurement period. Positive values indicate net diffusion from hypolimnion into epilimnion. c Hypolimnion CH 4 production is calculated as the sum of hypolimnion CH 4 accumulation, oxidation, and trans-thermocline diffusion. . Approximately half (51%) of the annual CH 4 emissions occurred during the summer. Spring and fall accounted for 23% and 22% of annual emissions, respectively, while winter accounted for only 6%.
Release of CH 4 to the atmosphere resulting from water passing through the dam control structure was a relatively small part of the annual CH 4 budget. We estimate that an annual average of 10.7 kg CH 4 C d −1 was lost as the water degassed during transit through the Harsha Lake dam, equivalent to only 0.8% of the total emissions, or 1.22 mg C m −2 d −1 .
■ DISCUSSION
Harsha Lake was a consistent source of atmospheric CH 4 throughout the year. Despite low CH 4 emission rates during the winter months, average annual CH 4 emissions were higher than previously reported for temperate reservoirs in the United States and comparable to those reported for tropical reservoirs. 6 The furthest upstream portions of the reservoir supported CH 4 emissions one to 2 orders of magnitude greater than other portions of the system, highlighting the importance of including river deltas in reservoir CH 4 budgets. CH 4 Emissions. Seasonal patterns in CH 4 emission rates were characterized by relatively low emissions during the winter months, maximum rates in the summer months, and small peaks superimposed on declining emissions during fall turnover ( Figure 5B ). Winter emissions were likely limited by low water temperature and greater O 2 availability in bottom waters and sediments, which reduces the metabolic activity of methanogens. 27 The reservoir stratified during the warm summer months and CH 4 progressively accumulated in the hypoliminion, reaching concentrations in excess of 18 000 μg L −1 (saturation ratio >300 000; Figure 4 ). Despite strong thermal stratification that prevented the advective transport of CH 4 from the hypolimnion to the epilimnion, surface emissions also reached a maximum during late summer. Sources of CH 4 to the air−water interface during periods of thermal stratification include diffusion from the hypolimnion, 21 lateral transport from the catchment 28 and littoral zone, 29 microbial CH 4 production in the oxic epilimnion, and ebullition. 30 Rates of CH 4 diffusion from the hypolimnion into the epilimnion were equivalent to a median of 44% (range: 6−481%) of the emission rate at OF during stratification, indicating that diffusion was, at times, an important source of CH 4 to the epilimnion. Presumably lateral transport and oxic CH 4 production accounted for the balance, and ebullition may contribute a significant portion of CH 4 emissions, particularly at shallower sites (see below).
The thermocline progressively sank during fall turnover (SI Table S1 , Figure S2A ), causing hypolimnetic CH 4 to mix into the epilimnion where it was either oxidized to CO 2 or emitted to the atmosphere. We expected the greatest reservoirwide emission rates to occur during turnover, 31 but the maximum emission rate during turnover (447 mg C m
was only half the highest rate observed during summer (860 mg C m
), likely because cooler water temperatures during turnover depressed CH 4 production at the shallow sites more than mixing enhanced CH 4 emissions from the deeper sites. Despite the relatively low rates observed during turnover, 22% of annual CH 4 emissions occurred during this time. 32 Methane emission rates at the sampling site located near the delta at the river−reservoir transition zone (UP site) were consistently one to 2 orders of magnitude greater than the other sampling sites ( Figure 5A ). This site was typically the shallowest included in the study (mean depth = 4.25 m) and did not stratify during the summer. Shallow waters have been previously identified as CH 4 emission hot spots in lakes and reservoirs 4,29 due partly to low water-column CH 4 oxidation rates. The water residence time of CH 4 in shallow waters is much less than in deeper waters, resulting in reduced methane oxidation efficiencies leading to an "epilimnetic shortcut". 4 This scenario is supported by the high ratio of CH 4 to CO 2 emissions at the upstream site, which suggests that a larger fraction of the sedimentary CH 4 is evading to the atmosphere, rather than being oxidized to CO 2 ( Figure 5A ).
High rates of CH 4 ebullition likely contributed to enhanced emissions at the UP site. Ebullition rates tend to be highest in shallow areas because short water residence times limit the dissolution of CH 4 rich bubbles released from the sediment. 33 The floating chambers captured both ebullition and diffusive gas emissions and the k values provide insight into the relative importance of these emission mechanisms. Piston velocities calculated from CO 2 (k 600-CO 2 ; median = 4.2 cm hr −1 , Figure 2B ) were consistent with values previously reported for diffusive emissions, 4, 15 suggesting that diffusion was the dominant CO 2 emission pathway and that the floating chambers did not artificially enhance emissions by disturbing the air−water interface. 34 Some CH 4 piston velocities (k 600-CH 4 ; median = 27.2 cm hr −1 , Figure 2A) were too large to be attributed strictly to diffusion and were likely enhanced by surfacing CH 4 -rich bubbles. The ratio of k 600-CH 4 and k 600-CO 2 (median = 21) was greatest at the two shallowest sites (UP and EN), suggesting that bubble ebullition was greatest at those sites. The magnitude of the difference between k 600-CH 4 and k 600-CO 2 was too large to be attributed to surfacing microbubbles, which can enhance CH 4 gas transfer by 5−9 cm hr −1 , 15, 35 and is likely the result of CH 4 -rich macrobubbles.
Another explanation for the high CH 4 emissions from the river delta is that sediment CH 4 production at UP was greater than at the other sites. This is consistent with our finding that CH 4 emissions from the UP site were on average ca. 2.7 times greater (median =1.6) than rates of CH 4 production at OF, the most downstream and deepest site, possibly because high loadings and rapid burial of organic matter in river deltas fosters high rates of sediment CH 4 production, as described in the "deltaic zone" hypothesis. 36 This may be particularly important in reservoirs draining agricultural basins which often have high rates of soil erosion and subsequent sediment loading to receiving waters. 37 During an additional survey of CH 4 emissions near tributaries in Harsha Lake (data reported alongside site locations in Figure 1) , none of the other delta sites had rates as high as UP, possibly because the other tributaries drained much smaller basins (60−80 km 2 ) with a lower intensity of agricultural activity. However, the rates were generally 6 times greater than the mid reservoir site (EN), providing additional evidence that river deltas have higher CH 4 emissions than open waters. The UP site also had higher overall respiration rates than the other sites, as indicated by higher total carbon emissions (CH 4 + CO 2 ), which is consistent with the notion that the quantity or quality of sediment C was greater at the river delta site.
Comparison to Other Published CH 4 Emission Rates. After accounting for spatial and temporal variability, we estimated an annual reservoir-wide emission rate of 176 ± 36 mg C m
. This value is within the range of estimates from tropical systems (101−1471 mg C m −2 d −1 ), but up to 3 orders of magnitude higher than most reports from temperate systems (<1−50 mg C m −2 d −1 ). 6 The exceptions to this pattern include a temperate reservoir in Switzerland 38 (117 mg C m
) and a small river impoundment (0.38 km 2 ) in Germany 8 (333 mg C m −2 d −1 ), where high emissions were largely attributed to extreme ebullition rates. One reason the rates reported here are relatively high may be that we accounted for emissions from the main river delta, while most of the literature data represent emissions from the surface of deeper areas of reservoirs, which, based on our findings, likely underestimates reservoir-wide emissions. 6 Even when excluding UP from the data set, however, the mean CH 4 emission rate (85 ± 26 mg C m −2 d −1 ) is still higher than estimates from most other midlatitude reservoirs, likely because high nutrient loading, sedimentation, and persistent algae blooms in Harsha Lake have stimulated methanogenesis. 39 It is worth noting that our estimate likely represents a lower bound for the true rate because we did not quantify ebullition hot spots 38 or enhanced night-time emissions that can occur during periods of convective mixing. 32 It is unclear whether our results can be generalized to other midlatitude agricultural impacted reservoirs. Eagle Creek Reservoir (ECR), an agricultural impacted reservoir about 160 km from Harsha Lake, is also subject to high nutrient and sediment loading, yet supports an annual CH 4 emission rate only ∼5% (10 mg C m −2 d −1 ) 7 of that at Harsha Lake. The ECR study did not include river deltas, but even after excluding the Harsha Lake river delta site from the comparison, CH 4 emission rates from Harsha were 8.5 times greater than that at ECR (85 vs 10 mg C m
). Another factor complicating the comparison is that emissions at ECR were estimated using a wind based model while emissions were directly measured at Harsha Lake. Whether Harsha Lake or ECR represents the typical midlatitude agricultural reservoir is unknown, but this question has strong implications for our understanding of the global CH 4 budget. We estimate there are ca. 35 000 km 2 of reservoirs draining corn and soybean croplands, the dominant crops in the Harsha Lake watershed, in the United States. Combining this surface area estimate with the annual emission rate measured at Harsha Lake, results in an estimate of annual CH 4 emissions from agricultural impacted reservoirs in the United States of 2.2 Tg C. This represents potential reservoir CH 4 emissions not accounted for in current inventories and is equivalent to 60% of annual CH 4 emissions from all the landfills in the United States (3.7 Tg CH 4 −C yr −1 ) or about 10% of the nation's annual anthropogenic CH 4 emissions. 40 This estimate should be viewed with caution, however, because it is based on CH 4 emission rate measurements made at only one lake and does not account for numerous variables that could control reservoir CH 4 emissions including the number and size of river deltas in each reservoir.
Greenhouse Gas Emissions Mitigation Strategies. Previous studies have shown that degassing while water is routed through the dam is a major source of CH 4 emissions from reservoirs, comprising up to 33% of total reservoir emissions. 41, 42 We estimate that this pathway constitutes only 0.8% of annual CH 4 emissions from Harsha Lake. In Harsha Lake, summer time water withdrawals are largely restricted to shallow depths to protect the dam from corrosive hydrogen sulfide gas and to maintain acceptably high dissolved oxygen in the receiving waters. Consequently, the highly CH 4 supersaturated water in the hypolimnion does not pass through the dam. If water at Harsha Lake were exclusively withdrawn from the hypolimnion, then we estimate that dam degassing would comprise 23−28% of annual CH 4 emissions, assuming that diffusive emissions would be unaffected. Therefore, an important engineering strategy for minimizing CH 4 emissions from reservoirs is to allow for the withdrawal of shallow waters during periods of thermal stratification.
Minimizing the surface area of the river delta through water level management may also reduce overall CH 4 emissions from reservoirs. While the river delta near the UP site comprised a small proportion of the reservoir surface area (i.e., 3−8%, depending on pool elevation), it was the source of 64% of reservoir CH 4 emissions on average (Figure 1, 5A ) and should therefore be the focus of CH 4 mitigation actions. Most suggested management actions are long-term and include reducing watershed soil erosion 38 and nutrient exports. 9 While these approaches are the best long-term solution, there is a need for mitigation efforts that have a more immediate effect. We estimate that lowering the target pool elevation during the summer by 2 m would reduce the reservoir surface area by 1.2 km 2 , much of which is located in the river delta areas (Figure 1 ), resulting in up to a 35% reduction in reservoir wide CH 4 emissions, assuming that the newly exposed soils do not emit CH 4 . The long-term efficacy of this approach is unclear, however, because the CH 4 emission hot-spot may shift downriver to the site of active sediment deposition established under the lower pool elevation. Another possibility is to periodically dredge river deltas to remove methanogenic sediments and increase water depth, although this process is energy-intensive and will lead to increased anthropogenic CO 2 emissions. While these approaches are untested, they highlight a need for new research that yields actionable mitigation plans that federal and state agencies can use to reduce the greenhouse gas footprint of reservoirs, as encouraged by the White House's 2013 Executive Order. 43 Future Directions. This study demonstrates that midlatitude agricultural reservoirs have CH 4 emission rates comparable to those observed in the tropics, and intrareservoir variation in emission rates can be extreme. To improve the accuracy of national and global estimates of reservoir CH 4 emissions it is critical that future studies account for emission hotspots within reservoirs. Furthermore, future work should focus on relatively understudied midlatitude agricultural impacted reservoirs, which may comprise a much larger component of the anthropogenic CH 4 budget than currently recognized.
